VOLUME EDITOR:

Interactions Il

=

®)) Springer f




Transition Metal and Rare
Earth Compounds

Excited States, Transitions, Interactions Il

Volume Editor: Hartmut Yersin

With contributions by
D. Donges, D.R. Gamelin, H. U. Giidel, M.]. Riley,
H. Yersin

© Springer




The series Topics in Current Chemistry presents critical reviews of the present and
future trends in modern chemical research. The scope of coverage includes all areas
of chemical science including the interfaces with related disciplines such as biology,
medicine and materials science. The goal of each thematic volume is to give the non-
specialist reader, whether at the university or in industry, a comprehensive overview
of an area where new insights are emerging that are of interest to a larger scientific
audience.

As arule, contributions are specially commissioned. The editors and publishers will,
however, always be pleased to receive suggestions and supplementary information.
Papers are accepted for Topics in Current Chemistry in English.

In references Topics in Current Chemistry is abbreviated Top. Curr. Chem. and is
cited as a journal.

Springer WWW home page: http://www.springer.de
Visit the TCC home page at http:/link.springer.de/series/tcc/
or http://link.springer-ny.com/series/tcc/

ISSN 0340-1022
ISBN 3-540-67976-6
Springer-Verlag Berlin Heidelberg New York

Library of Congress Catalog Card Number 74-644622

This work is subject to copyright. All rights are reserved, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of
illustrations, recitation, broadcasting, reproduction on microfilm or in any other ways,
and storage in data banks. Duplication of this publication or parts thereof is only
permitted under the provisions of the German Copyright Law of September 9, 1965,
in its current version, and permission for use must always be obtained from Springer-
Verlag. Violations are liable for prosecution under the German Copyright Law.

Springer-Verlag Berlin Heidelberg New York
a member of BertelsmannSpringer Science+Business Media GmbH

© Springer-Verlag Berlin Heidelberg 2001
Printed in Germany

The use of general descriptive names, registered names, trademarks, etc. in this
publication does not imply, even in the absence of a specific statement, that such
names are exempt from the relevant protective laws and regulations and therefore
free for general use.

Cover design: Friedhelm Steinen-Broo, Barcelona; MEDIO, Berlin
Typesetting: Fotosatz-Service Kohler GmbH, 97084 Wiirzburg

SPIN: 10719407  02/3020 ra-54 3210 - Printed on acid-free paper



214

Topics in Current Chemistry

Editorial Board:

A.de Meijere - K.N. Houk - H. Kessler
J.-M.Lehn - S.V. Ley - S.L. Schreiber - J. Thiem
B.M. Trost - F. Vogtle - H. Yamamoto



Springer

Berlin
Heidelberg
New York
Barcelona
Hong Kong
London
Milan
Paris
Singapore
Tokyo



Volume Editor

Prof. Dr. Hartmut Yersin

Institut fiir Physikalische und Theoretische Chemie

Universitit Regensburg
Universitétsstrale 31
93053 Regensburg, Germany

E-mail: hartmut.yersin@chemie.uni-regensburg.de

Editorial Board

Prof. Dr. Armin de Meijere

Institut fiir Organische Chemie

der Georg-August-Universitit
Tammannstrafle 2

37077 Gottingen, Germany

E-mail: ameijer]1 @uni-goettingen.de

Prof. Dr. Horst Kessler

Institut fiir Organische Chemie
TU Miinchen
Lichtenbergstrafie 4

85747 Garching, Germany
E-mail: kessler@ch.tum.de

Prof. Steven V. Ley

University Chemical Laboratory
Lensfield Road

Cambridge CB2 1EW, Great Britain
E-mail: syl1000@cus.cam.ac.uk

Prof. Dr. Joachim Thiem

Institut fiir Organische Chemie
Universitdt Hamburg
Martin-Luther-King-Platz 6

20146 Hamburg, Germany

E-mail: thiem@chemie.uni-hamburg.de

Prof. Dr. Fritz Vogtle

Kekulé-Institut fiir Organische Chemie
und Biochemie der Universitit Bonn
Gerhard-Domagk-Strafle 1

53121 Bonn, Germany

E-mail: voegtle@uni-bonn.de

Prof. Kendall N. Houk

Department of Chemistry and Biochemistry
University of California

405 Hilgard Avenue

Los Angeles, CA 90024-1589, USA

E-mail: houk@chem.ucla.edu

Prof. Jean-Marie Lehn

Institut de Chimie

Université de Strasbourg

1 rue Blaise Pascal, B.P.Z 296/R8
67008 Strasbourg Cedex, France
E-mail: lehn@chimie.u-strasbg.fr

Prof. Stuart L. Schreiber

Chemical Laboratories

Harvard University

12 Oxford Street

Cambridge, MA 02138-2902, USA
E-mail: sls@slsiris.harvard.edu

Prof. Barry M. Trost

Department of Chemistry

Stanford University

Stanford, CA 94305-5080, USA
E-mail: bmtrost@leland.stanford.edu

Prof. Hisashi Yamamoto

School of Engineering

Nagoya University

Chikusa, Nagoya 464-01, Japan

E-mail: j45988a@nucc.cc.nagoya-u.ac.jp



Topics in Current Chemistry
Now Also Available Electronically

For all customers with a standing order for Topics in Current Chemistry we offer
the electronic form via LINK free of charge. Please contact your librarian who can
receive a password for free access to the full articles by registration at:

http://link.springer.de/orders/index.htm

If you do not have a standing order you can nevertheless browse through the
table of contents of the volumes and the abstracts of each article at:

http://link.springer.de/series/tcc
There you will also find information about the

- Editorial Board
- Aims and Scope
— Instructions for Authors



Preface

For a long time, the properties of transition metal and rare earth compounds have
fascinated chemists and physicists from a scientific view-point. More recently,
their enormous potential as new materials has also been explored. Applications in
different fields have already been realized or are under current investigation, e.g.
new laser materials, IR to visible upconversion materials, systems involving
photoredox processes for solar energy conversion, new photovoltaic devices,
chemical sensors, biosensors, electroluminescent devices (OLEDs) for flat panel
display systems, supramolecular devices with wide-range definable photophysical
properties, materials for energy harvesting, optical information and storage
systems, etc. Metal complexes are also highly important in biology and medicine.
Most of the applications mentioned are directly related to the properties of the
electronic ground state and the lower-lying excited states. Metal complexes with
organic ligands or organometallic compounds exhibit outstanding features as
compared to purely organic molecules. For instance, metal compounds can often
be prepared and applied in different oxidation states. Furthermore, various types
of low-lying electronic excitations can be induced by a suitable choice of the metal
center and/or the ligands, such as metal-centered (MC, e.g. d-d* or f-f* transi-
tions), ligand-centered (LC, e.g. m-1*), metal-to-ligand-charge transfer (MLCT,
e.g. d-*), intra-ligand-charge-transfer (ILCT) transitions, etc. In particular, the
orbitals involved in the resulting lowest excited states determine the photophysical
and photochemical properties and thus the specific use of the compound. It is also
of high interest that the lowest excited electronic states can be shifted over the
large energy range from the U.V. to the I.R. by chemical variation of the ligands
and/or the central metal ion. Moreover, these excited states have mostly spin-multi-
plicities different from those of the electronic ground states. Thus, in contrast to
organic molecules, spin-orbit coupling (induced by the metal center) is of crucial
importance, for example, for the splitting and the population and decay dynamics
of these multiplets as well as for transition probabilities and radiative deactivation
paths. In summary, transition metal and rare earth compounds can be prepared
with photophysical properties that are over wide ranges user-definable.

In view of the fascinating potential of these compounds, it is of substantial
interest to develop a deeper understanding of their photophysical properties. In
this volume ", leading scientists present modern research trends in comprehen-

" See also the preceding volumes, Electronic and Vibronic Spectra of Transition Metal Com-
plexes I and II, edited by H. Yersin, Topics in Current Chemistry 171 (1994) and 191 (1997).



VIII Preface

sive reviews which not only provide a deep insight into the specific subjects,
but are also written in a style that enables researchers from related fields and
graduate students to follow the interesting presentations. In particular, in the
present volume Daniel R. Gamelin and Hans U. Giidel review upconversion
processes in luminescent transition metal and rare earth systems. Mark J. Riley
relates geometric and electronic properties of copper(II) compounds. Finally,
Hartmut Yersin and Dirk Donges discuss on the basis of case studies photo-
physical properties of organometallic and related compounds and demonstrate
how these properties can be tuned by chemical variation. In a companion
volume (Topics in Current Chemistry 213), Kevin L. Bray presents effects that are
observed under application of high pressure. Max Glasbeek introduces us to
optically detected magnetic resonance (ODMR) techniques as applied to transi-
tion metal complexes and Arnd Vogler and Horst Kunkely give a summary con-
cerning the diversity of excited states as found in various compounds.

I hope that the contributions in the present and in the companion volume
demonstrate the attractiveness and the enormous potential of metal compounds
and that a more detailed understanding of the photophysical properties will
open pathways for new developments.

Regensburg, Germany Hartmut Yersin
November 2000
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Upconversion Processes in Transition Metal
and Rare Earth Metal Systems

Daniel R. Gamelin*, Hans U. Giidel

Department of Chemistry and Biochemistry, University of Bern, Freiestrasse 3, 3000 Bern 9,
Switzerland
E-mail: hans-ulrich.guedel@iac.unibe.ch

The design and characterization of new luminescent materials is an active area of research.
Here we present several current topics in the area of upconversion by transition-metal and
rare-earth-metal doped halide lattices. Following introduction to the necessary background
material related to upconversion mechanisms and kinetics, a series of topics are discussed
which illustrate some key areas of developing interest in the field. These include the use of un-
conventional experimental and theoretical techniques for gaining insight into upconversion
processes in rare-earth-doped lattices (e.g., power-dependence measurements, two-color
laser excitation schemes, and correlated crystal field calculations), as well as several specific
examples of exciting and unusual upconversion behavior in both transition-metal and rare-
earth-metal systems. Finally, we discuss the variety of interesting effects host-lattice variation
can have on the upconversion processes of a dopant ion, ranging from multiphonon relaxa-
tion properties to exchange interactions.

Keywords: Upconversion, Luminescence, Transition metals, Rare-earth metals, Doped halide
lattices
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Introduction

Luminescent materials play an important role in many technologies, including
display screens, optical communication amplifiers, lamps, and solid-state lasers.
To this end, a tremendous volume of fundamental research has been devoted to
the design and characterization of new luminescent materials displaying novel
photophysical effects. Among such application-oriented research, a great deal of
attention has been given to the development of materials capable of generating
short-wavelength radiation from long-wavelength pump sources. Second-har-
monic generation (SHG) [1], simultaneous two-photon absorption (STPA) [2],
and upconversion (UC) [3-6], illustrated in Fig. 1, are three well-established
methods for performing this conversion. Briefly, SHG generates new frequencies
through the weakly wavelength-dependent hyperpolarizability of a substance,
and requires intense coherent excitation sources. STPA involves the excitation of
luminescence from a real excited state at shorter wavelength than the excitation
photons, and is achieved through a small but non-zero absorption cross section
at the pump wavelength. Finally, upconversion generates shorter wavelength
luminescence through sequential discrete absorption and/or energy-transfer
steps involving real metastable excited states of the chromophore. Upconver-
sion thus relies on the presence of multiple metastable excited states, and this
leads to dramatically different photophysical properties relative to the former
two methods.

In this article, we discuss several specific topics of current interest in the area
of upconversion involving metal ions doped into well-known halide host lat-
tices. Rather than attempting to provide a complete historical survey, the em-
phasis is on identifying developing areas of research. These range from experi-
mental and calculational approaches for studying general upconversion proces-
ses to the investigation of new classes of upconversion materials. In the latter
area, the principle strategies for obtaining new upconversion materials involve (1)
variation of the host lattice and (2) variation of the dopant metal ions. Variation
of the host lattice, for example, from one having high phonon energies (e.g., fluo-
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Fig.1. Schematic representation of three common nonlinear processes that convert low-ener-
gy photon pump sources into higher-energy output: SHG = Second Harmonic Generation,
STPA = Simultaneous Two-Photon Absorption, UC = Upconversion. Adapted from [17]

ride, oxide) to one having low phonon energies (e.g., chloride, bromide, iodide),
can dramatically affect the competition between multiphonon and other radia-
tive and nonradiative processes, and may lead to entirely different upconversion
luminescence properties of a given ion. The use of host materials with specific
optical or magnetic properties may also influence the upconversion properties
of a dopant ion through sensitization or perturbation by exchange interactions.
A change in metal ions can of course also have a dramatic effect. Here, we relate
examples that emphasize the relatively unexplored upconversion properties of
transition metals. When compared to the rare-earth ions, which by far dominate
the upconversion literature, transition metals can be expected to show a number
of differences in the relevant parameters that govern the upconversion dy-
namics. In particular, the larger radial extension of the d-orbitals than of the
f-orbitals may lead to larger electron-phonon coupling strengths and a greater
susceptibility to crystal-field and exchange perturbations. Finally, the design
and study of new chromophores comprised of combinations of metal ions is
emphasized. Here we present a few examples from our research with these new
materials that show unusual upconversion properties attributable to exchange
interactions between metal ions. In these examples, including rare-earth/rare-
earth, rare-earth/transition-metal, and transition-metal/transition-metal ion
pairs, exchange interactions are found to be particularly important when the
ions are situated in close proximity to one another by the geometric constraints
of the host material. The options available in the choice of hosts and codopant
combinations can cover a very broad range of possibilities, leaving much to the
imagination and creativity of the researcher, and illustrating the ability to use
well-founded chemical principles to design and construct upconversion mate-
rials displaying exciting new photophysical properties.
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2
Excited-State Decay

The minimum prerequisite for generation of upconversion luminescence by any
material is the presence of at least two metastable excited states. In order for
upconversion to be efficient, these states must have lifetimes sufficiently long for
ions to participate in either luminescence or other photophysical processes with
reasonably high probabilities, as opposed to relaxing through nonradiative mul-
tiphonon pathways. The observed decay of an excited state in the simplest case
scenario, as probed for example by monitoring its luminescence intensity I,
behaves as an exponential:

1(t) = 1(0) e k! (1)

where the observed decay rate constant, k., derives from the sum of all contri-
buting radiative (rad) and nonradiative (nr) decay processes:

ktot = krad it knr = T(_)Ilgs (2)

Among the possible nonradiative processes, multiphonon relaxation generally
makes the greatest contribution to k. Multiphonon relaxation is most easily
illustrated within the framework of the single configurational coordinate (SCC)
model [7,8]. This model assumes that the vibrational wavefunction overlap inte-
grals responsible for multiphonon relaxation can be approximated by the inter-
actions between the donor (excited) and acceptor (e.g., ground state) potential
surfaces along one single effective nuclear coordinate, Q.. In cases where ex-
cited-state nuclear distortions are small, assuming harmonic potentials, identi-
cal ground- and excited-state force constants, and identical normal-coordi-
nate descriptions, the SCC model describes the T = 0 K multiphonon decay rate
constant as shown in Eq. (3):

e =SSP )

kmp(0) = (C)< o 3)

Here, p = AE;_y/v.q is the dimensionless energy gap between the upper state
and the closest lower-energy state in units of the effective vibrational energy,
Ver (cm™). Cis the electronic factor, and S is the Huang-Rhys dimensionless ex-
cited-state distortion parameter in units of vibrational quanta v.g. As shown in
Eq. (2), k., is strongly dependent on p. Additionally, for a given reduced energy
gap p, the introduction of even small excited-state distortions, S, can rapidly
enhance the radiationless multiphonon relaxation rate such that this dominates
the total 0 K relaxation. This model is easily extended to elevated temperatures,
where substantial increases in kmp may be observed [7, 8].

For the case of only one radiative decay channel, the radiative decay rate con-
stant in Eq. (2) is described by Eq. (4) [9], where 7 is the index of refraction, the
constant a = 1.5 x 10* s/m? and g denotes the degeneracy of the ground (a) or
excited (b) state involved in the transition:
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The radiative rate constant is thus directly proportional to the oscillator
strength, f, of the transition, and is influenced by both degeneracies and the
transition wavelength.

The vast majority of luminescent systems have only one emitting excited
state, typically the lowest excited state [10]. This is because nonradiative relaxa-
tion tends to be extremely rapid among excited states due to the presence of high-
frequency vibrations (e.g., stretching vibrations involving protons), small inter-
excited-state energy gaps, and sizable electron-phonon coupling strengths. This
situation is contrasted by the behavior of the rare-earth metal ions in crystals or
complexes. Due to the high shielding of their felectrons, rare-earth ions are char-
acterized by an extreme insensitivity to their environment, in particular having
very small electron-phonon coupling strengths, S, in their various f-f excited
states. As a result, k,,, values can be quite small, and many rare earth excited
states are found to luminesce if separated from the nearest lower excited state by
only ca. 6 quanta of the highest frequency vibration. Rare-earth ions therefore
often have a series of luminescent f-f excited states, a property which makes
them suitable for use in upconversion materials.

Since the first observations of upconversion in the mid-1960s [11-14], hun-
dreds of studies involving most of the lanthanide and many actinide ions have
been reported [3-5]. In many cases, efficient two-, three-, or four-quantum up-
conversion is observed. Recent milestones include the development of several
all-solid-state rare-earth upconversion lasers operable at room temperature [6,
15], and the demonstration of a viable three-dimensional imaging technique
based on rare-earth upconversion [16]. More recently, several transition-metal
materials have also been shown to display interesting upconversion properties
[17]. In these transition-metal systems a greater range of ground and excited
state properties is observed, including stronger electron-phonon coupling
strengths in some cases, and this may lead to new, unprecedented upconversion
properties (Sects. 11 and 12).

3
The Building Blocks of Upconversion: Absorption and Energy Transfer

A wide variety of upconversion mechanisms have been proposed and observed.
The majority of these involve some combination of absorption and nonradiative
energy-transfer (ET) steps. Absorption may come in two basic forms. Ground-
state absorption (GSA, Fig. 2a) results in promotion of an ion from its ground
state to an excited state. Excited-state absorption (ESA, Fig. 2b) involves ab-
sorption of a photon by an excited ion, and results in promotion of that ion to a
higher excited state.

The simplest upconversion mechanism possible is therefore that of GSA fol-
lowed by ESA (GSA/ESA). GSA/ESA upconversion is inherently a single-chro-
mophore effect,and as a consequence this mechanism is relatively insensitive to



6 D.R. Gamelin - H. U. Giidel

(a) Ground-State Absorption (b) Excited-State Absorption
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Fig.2a-f. The basic building blocks of upconversion, and related processes. Solid arrows indi-
cate radiative processes, and dashed arrows indicate nonradiative processes

concentration of the upconversion ion. For absorption over a sample length, /,
that is short compared to the absorption length, the absorption pump rate
R, p(ions/cm?s) for a transition a — b is given by

Ra,b = PoaNa (5)

.
hcmw,
where P(W/cm?) is the incident pump power, A, is the pump wavelength, w is
the pump radius, & is Planck’s constant, ¢ is the vacuum speed of light, o, is the
absorption cross section from level a to level b, and N, (ions/cm?) is the popula-
tion density of level a. In a three-level system, the rate constant for a GSA pro-
cess between levels 0 and 1 is defined as G = R, ;/N,, and that for an ESA process
between levels 1 and 2 is defined as E = R, ,/N,. For the GSA/ESA upconversion
process to occur, both Rgs, (Ry;) and Rgg, (R, ;) must be nonzero. In the simple
three-level scheme shown in Fig. 2a, b, at low pump rates, the population of



